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We show that noncollinear Andreev reflections can be induced at interfaces of semiconductor
nanowires with spin-orbit coupling, Zeeman splitting and proximity-induced superconductivity. In
a noncollinear local Andreev reflection, the spin polarizations of the injected and the retro-reflected
carriers are typically at an angle which is tunable via system parameters. While in a nonlocal
transport, this noncollinearity enables us to identify and block, at different voltage configurations,
the noncollinear cross Andreev reflection and the direct charge transfer processes. We demonstrate
that the intriguing noncollinearity originates from the spin-dependent coupling between carriers
in the lead and the lowest discrete states in the wire, which, for a topological superconducting
nanowire, are related to the overlap-induced hybridization of Majorana edge states in a finite system.
These interesting phenomena can be observed in semiconductor nanowires of experimentally relevant
lengths, and are potentially useful for spintronics.
PACS numbers: 74.45.+c, 85.75.-d, 74.78.-w
Introduction.– Andreev reflection (AR) plays a central
role in the charge transmission at the interface between
a normal conductor (N) and a superconductor (S) [1–3].
An important feature of the process is its spin depen-
dence. For instance, near the interface, an electron with
a certain spin injected from N is retro-reflected as a hole
of the opposite spin via a conventional local Andreev re-
flection (LAR). In situations where the spin flip is al-
lowed at the interface, equal-spin AR can occur, where
both the electron and the hole have the same spin [4, 5].
Recently, it has been shown that equal-spin AR can also
be induced by the Majorana bound state (MBS) residing
on the edge of a semi-infinite topological superconduct-
ing nanowire with spin-orbit coupling (SOC), Zeeman
splitting and proximity-induced superconductivity [6, 7].
As the equal-spin AR therein originates from the self-
Hermitian nature of MBSs, the spin dependence of the
AR is bound to be affected in finite-size systems, where
overlap coupling between MBSs on different edges inval-
idates the self-Hermitian property.
More generally, for a finite-length nanowire with SOC,
Zeeman splitting and proximity-induced superconductiv-
ity, pairs of nondegenerate discrete states appear in the
energy spectrum [8, 9]. In a finite-size topological super-
conducting wire, the lowest discrete states, i.e. the pair
of states closest to the Fermi surface, correspond to the
in-gap states induced by the hybridization of MBSs on
the edges. While in a topologically trivial wire with fi-
nite length, the lowest discrete states correspond to the
gap-edge states. In this work, we show that carriers in-
volved in a resonant AR with the lowest discrete states
FIG. 1: (a) A semiconductor nanowire with proximity-
induced superconductivity is coupled to two leads. Under
different voltage configurations, either a resonant CAR (b) or
a direct charge transfer (c) can occur. In either case, two dif-
ferent microscopic transport channels, marked by blue-solid
and red-dashed lines respectively, exist, which are character-
ized by the electrons (filled circle) and holes (empty circle) in
the leads with noncollinear spin polarizations (black arrows).
The nonlocal transport processes can thus be blocked by ad-
justing the polarizations of the HM leads, such that transport
in both microscopic channels become impossible.
can have noncollinear spin orientations, in contrast to the
conventional and the equal-spin AR.
In a noncollinear LAR, the spin polarizations of the
injected and the retro-reflected carriers are typically at
an angle which is tunable via system parameters. Hence,
LAR can be suppressed by tuning the alignment of the
magnetic moment of the half metal (HM) lead placed at
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2one end of the wire. The noncollinear AR is intimately
connected to the local spin orientations of the lowest dis-
crete states at the edge, which are tunable via the Zeeman
splitting, the SOC and the wire length. Under appropri-
ate parameters, the conventional or the equal-spin AR
can be recovered as limiting cases of the more general
noncollinear AR, which is particularly important under
realistic experimental conditions of finite-size nanowires.
This noncollinearity is particularly important for non-
local transport processes where the wire length is typ-
ically comparable to the superconducting coherence
length [10–19]. In general, when an electron is injected
from one N lead to the S, it can either form a Cooper
pair in the S and leave an out-going hole in the other
N lead; or it can propagate through the S to the other
lead. These two different processes respectively corre-
spond to the cross Andreev reflection (CAR) [10, 11] and
the direct charge transfer [13], which can be differenti-
ated and respectively blocked in a noncollinear nonlocal
transport. A paradigm scenario here is by placing two
HM leads in contact with the wire (see Fig. 1a). De-
pending on whether the Fermi levels of the two leads are
aligned with the same (Fig. 1b) or different (Fig. 1c) dis-
crete states, either a CAR or a direct charge transfer can
take place. Furthermore, by adjusting the polarizations
of the HM leads, these noncollinear nonlocal transport
processes can be respectively blocked based on the dif-
ferent spin polarizations of carriers in the microscopic
transport channels (Fig. 1b,c). The noncollinearity then
provides us with a useful tool to selectively induce fully
spin-polarized currents for applications in spintronics.
Model.– We consider a quasi-one-dimensional semicon-
ductor nanowire, which can host MBS for appropriate
parameters [20]. As illustrated in Fig. 1a, the wire lies in
the x direction with an external magnetic field Bz along
the z direction. The two ends of the nanowire are tun-
nel coupled, respectively, to the left (L) and the right
(R) leads. The wire is grounded while the two leads are
biased by applying voltages V1 and V2, respectively.
In the tight-binding form, the Hamiltonian for the
nanowire Hwire reads [21, 22]
Hwire =
N−1∑
j=1
(
− t0
2
c†jcj+1 −
αSO
2
ic†jσycj+1 +H.c.
)
+
N∑
j=1
[
Vzc
†
jσzcj − (µ− t0)c†jcj + ∆(cj↑cj↓ +H.c.)
]
,
(1)
where cj = (cj↑, cj↓)T is the annihilation operator in
spinor form for electrons at site j with spin up (↑) and
down (↓) in the z direction, N is the number of the lat-
tice sites, σy,z are the Pauli matrices, αSO = αR/a is
the SOC constant with the Rashba parameter αR and
the lattice spacing a, Vz is the effective Zeeman field, ∆
is the proximity-induced superconducting gap, and µ is
the chemical potential. The hopping rate t0 =
~2
m∗a2 ,
with the effective mass of electrons m∗. The eigen spec-
trum of Hwire for a finite-size system consists of pairs of
nondegenerate discrete states [23]. We may then define
the local spin orientation of a discrete state: ~se/h(x) =
〈ψe/h(x)|~σ|ψe/h(x)〉
〈ψe/h(x)|ψe/h(x)〉 , which is useful for understanding the
noncollinear AR. Here, ~σ is a vector of Pauli matrices and
ψe/h(x) is a spinor in the Nambu space for the electron
(hole) component of the discrete state wave function.
The leads are described by the mean-field Stoner
model [24]: Hlead =
∑
αks αksa
†
αksaαks, where aαks is
the annihilation operator with quantum number k, spin
index s and energy αks in the α =L,R lead. Here, s =
+(−) denotes spins parallel (anti-parallel) to the mag-
netic moment nα = (sin θα cosϕα, sin θα sinϕα, cos θα),
where θα and ϕα are the azimuthal angles in the α lead.
The coupling between the leads and the nanowire is
assumed to be spin-conserving: HT =
∑
k(tLc
†
1uLaLk +
h.c.) +
∑
k(tRc
†
NuRaRk + h.c.), where tα is the hopping
between the α lead and the wire, the electron annihila-
tion operators in spinor form aαk = (aαk+, aαk−)T . The
unitary matrix uα [25] accounts for the misalignment of
the magnetic moment in the α lead with the z direction
uα =
(
cos θα/2 e
−iϕα sin θα/2
eiϕα sin θα/2 − cos θα/2
)
. (2)
The coupling strength between electrons and the α lead
is given by Γsα = 2pi|tα|2ρsα (s = ±), where ρsα is the
density of states in the corresponding lead. In the wide-
band limit, Γsα becomes energy independent. Under the
Stoner model, the spin asymmetry in the leads is charac-
terized by the density of states for the majority (s = +)
and minority (s = −) spins. In particular, for a normal
lead, we have Γ+α = Γ
−
α ; while for fully spin-polarized
ferromagnetic or HM leads, Γ−α = 0.
We are interested in the transport properties of the
system. The current operator for the L lead is re-
lated to the evolution of the charge carrier number
NL =
∑
ks a
†
LksaLks as Iˆ = −eN˙L [26]. Much infor-
mation can be obtained from the current fluctuation or
noise due to the discrete nature of the charge trans-
port [27]. Here, we focus on the autocorrelation of the
current from the L lead. The zero-frequency noise spec-
tral density S = ~
∫
dt′〈δI(t′)δI(0) + δI(0)δI(t′)〉, where
δI(t′) = Iˆ(t)− I with I = 〈Iˆ〉 the direct current from the
L lead. Both I and S can be evaluated by the standard
Keldysh Green’s function method [23].
For numerical simulations, we consider a heterostruc-
ture in which InSb nanowire is in contact with NbTiN [28]
or Ni [29], with the typical parameters: m∗ = 0.015me,
with me the electron mass, αR = 0.25 eV·A˚ , a = 1 nm
and ∆ ∼ 140 µeV. The chemical potential of the wire and
the temperature are assumed zero. With these, we will
show that the noncollinear AR can occur in nanowires
ranging from submicron to several microns in length.
3FIG. 2: Contour plots of the differential conductance dI/dV
(a) and noise Fano factor (b) due to the resonant LAR as
functions of azimuthal angles θ and ϕ of the HM magnetic
moment. Parameters: Vz = 1.2 ∆, Γ
+
L = 0.4 t0, L = 1.2 µm.
Discrete states and local Andreev reflection.– As the
resonant AR is typically connected with discrete states
in the wire, we are interested in the lowest discrete states
in a finite system, which, under the particle-hole symme-
try, emerge as a pair with the same energy spacing E1
to the Fermi energy. One can show that E1 has non-
monotonic evolution as a function of Vz [8, 9, 23]. These
discrete states can be probed by the transport measure-
ment. With an N lead coupled to the end of the wire, the
dominant transport process is the LAR. When the Fermi
level of the lead is aligned with E1, conductance peaks
of resonant LAR can be identified, where the peak value
approaches 2e2/h.
The spin dependence of LAR can be identified by re-
placing the N lead with an HM lead while the bias volt-
age V satisfies the condition for a resonant AR. We plot
the differential conductance dI/dV in Fig. 2a as a func-
tion of the azimuthal angles θ and ϕ of the HM mag-
netic moment. In most situations, dI/dV approaches
2e2/h due to resonant LAR. However, two separate dips
can be identified in Fig. 2a, indicating the complete sup-
pression of LAR at two particular spin polarizations of
the HM lead, as carriers with the desired spin become
unavailable in the lead. Since the angle between these
two spin polarizations is different from pi and 0, Fig. 2a
clearly indicates a noncollinear LAR. The noncollinear
LAR can also be revealed by the current noise Fano fac-
tor F = S/2eI [27, 30, 31]. For the LAR-dominated
FIG. 3: (a) The spatial dependence of ∆θ, the angle for
the local spin orientations of the lowest discrete state in res-
onance, for varius Vz, αR and L. (b) Contour plot of the
differential conductance dI/dV as a function of Vz and the
azimuth angle θ of the magnetic moment in the HM lead.
The dashed lines in (b) indicate the directions opposing the
local spin orientations of the lowest discrete state on the edge.
Other parameters: Γ+L = 0.4 t0, Vz = 1.2 ∆, L = 1.2 µm and
αR = 0.25 eV · A˚.
transport, the Fano factor approaches 2 at low transmis-
sion, indicating an effective transfer of two electrons in
the process [11]. In Fig. 2b, two such peaks emerge in
the contour plot of F , whose positions are consistent with
those of the dips in Fig. 3a.
As the coupling between the lead and the wire is spin
conserving, it is instructive to explore the local spin ori-
entation of the lowest discrete state in resonance [32].
In Fig. 3a, we plot the spatial dependence of the angle
∆θ between ~se and ~sh of the lowest discrete state with
energy E1. While the spin orientations of electron and
hole components are opposite (∆θ = pi) with vanishing
αR or Vz, they become spatially varying and noncollinear
under finite SOC parameters, with ∆θ at the wire end
tunable over a wide range by adjusting αR, Vz or L. In
particular, in the topological superconducting regime, as
L increases, ∆θ approaches 0. This is consistent with the
MBS-induced equal-spin AR in Ref. [6], where the spin
orientations of electron and hole components of the MBS
are the same due to the self-Hermitian nature of MBS. In
a finite topological superconducting wire, the MBSs on
different edges overlap to form the lowest discrete states,
which acquire a finite ∆θ. A natural implication here
is that the spin-dependence of AR should be intimately
connected to the local spin orientation ∆θ at the edges.
To see this, we vary the magnetic moment of the HM
4lead in the x-z plane, and adopt the convention: θ > 0 for
ϕ = 0; θ < 0 for ϕ = pi. Figure 3b displays the contour
plot of dI/dV as a function of θ and Vz, for which the
voltage eV = E1. The directions opposing that of the
local ~se(0) and ~sh(0) at the wire end are also displayed
with dashed lines. The overlap between the dashed lines
and the dI/dV dips clearly indicates that resonant LAR
can be suppressed once carriers with spin aligned with
either ~se(0) or ~sh(0) become unavailable in the lead.
Crossed Andreev reflection and direct charge transfer.–
The noncollinearity of the local spin polarizations be-
tween the electron and the hole components of the low-
est discrete states have significant impacts on the nonlo-
cal transport in nanowires with two leads [10–12, 14, 15].
Particularly, in a typical noncollinear nonlocal transport,
the spin-polarization of the carrier passing through one
N-S interface can take an arbitrary angle to that of the
carrier at the other interface. Depending on the voltage
configuration of the leads, nonlocal transport processes,
such as the CAR and the direct charge transfer, can oc-
cur, which can be blocked based on their noncollinearity.
We consider the typical case where two HM leads are
symmetrically attached to the nanowire. With the wire
ends fixed at x = 0 and x = L, the Hamiltonian of the
wire observes the symmetry: H(x, α) = H(L − x,−α).
For the discrete state with energy E1, the local spin ori-
entations satisfy: sx,ye/h(x) = −sx,ye/h(L− x) and sze/h(x) =
sze/h(L− x).
We first consider identical bias voltages eV1 = eV2 =
E1, where the Fermi levels of both leads are aligned with
the same discrete state (Fig. 1b). The nonlocal trans-
port in this case is a CAR. As demonstrated in Fig. 4a, by
varying the spin orientations of the L and R leads in the
x-z plane, two broad humps, each with a sharp feature
peaking close to 2, appear in the noise Fano factor. The
peak value 2 indicates LAR-dominated low transmission,
and the suppression of CAR. The locations of both peaks
satisfy θL = −θR, representing either the simultaneous
blocking of carriers with spins aligned in the ~se(0) direc-
tion at the left N-S interface and those with spins in the
~se(L) direction at the right interface; or the simultane-
ous blocking of carriers with spin aligned with ~sh(0) at
the left and those with ~sh(L) at the right. Here ~se/h(x)
refer to the local spin orientations of the E1 state. The
peaks thus indicate the simultaneous blocking of both
microscopic transport channels illustrated in Fig. 1b.
Next, we consider the bias voltages eV1 = −eV2 = E1.
The nonlocal transport here is the direct charge transfer.
The contour plot of the noise Fano factor at the L lead
is shown in Fig. 4b. Again, we find two sharp peaks,
with peak values close to 2. However, as |θL| 6= |θR| at
the peaks, they represent either the simultaneous block-
ing of carriers with spins aligned in the ~se(0) direction
at the left interface and those with ~sh(L) at the right;
or the simultaneous blocking of carriers with spins in the
~sh(0) direction at the left and those with ~se(L) at the
FIG. 4: The contour plots of the noise Fano factor F as func-
tions of θL and θR for different bias configurations for the res-
onant CAR: (a) eV1 = eV2 = E1 and (b) eV1 = −eV2 = E1.
Parameters: Vz = 0.8 ∆, Γ
+
α = 0.4 t0, L = 1.2 µm.
right. Again, ~se/h(x) refer to the local spin orientations
of the E1 state, while the particle-hole symmetry dictates
that the electron- (hole-) component spin polarizations of
the E1 state are identical to the hole- (electron-) compo-
nent spin polarizations of the −E1 state. The peaks thus
indicate the simultaneous blocking of both microscopic
transport channels in Fig. 1c.
Conclusion.– We have shown that noncollinear AR can
be induced at interfaces of semiconductor nanowires of
finite, but experimentally relevant lengths. This feature
also provides us with a useful tool to selectively induce
fully spin-polarized current for applications in spintron-
ics. The intriguing effects of noncollinear ARs can be
observed in semiconductor nanowires with strong SOC,
such as InSb [28, 29] or InAs [33, 34], which are currently
under intensive study for the search of MBS. A test of the
noncollinear AR via transport properties is also within
the reach of current technology [35], where supercurrent
through HM films such as CrO2 has recently been re-
ported [36].
Acknowledgement.– The authors are grateful for
valuable comments from Kam Tuen Law, Xiongjun
Liu, Carsten Timm, Philip Brydon, Yuval Ronen.
This work is supported by NFRP (2011CB921200,
2011CBA00200), NNSF (60921091), the NSFC
(11074266,11105134,11374283) and the Fundamen-
tal Research Funds for the Central Universities
(WK2470000006, 14D210901).
5∗ Electronic address: bhwu2010@gmail.com
† Electronic address: wyiz@ustc.edu.cn
[1] A. F. Andreev, Sov. Phys. JETP 19, 1228 (1964).
[2] G. E. Blonder, M. Tinkham, and T. M. Klapwijk, Phys.
Rev. B 25, 4515 (1982).
[3] M. Tinkham, Introduction to Superconductivity, 2nd ed.
(Dover, New York, 2004).
[4] Z. P. Niu, Europhys. Lett. 100, 17012 (2012).
[5] C. Visani, Z. Sefrioui, J. Tornos, C. Leon, J. Briatico,
M. Bibes, A. Barthe´le´my, J. Santamaria, and J. Villegas,
Nat. Phys. 8, 539 (2012).
[6] J. J. He, T. K. Ng, P. A. Lee, and K. T. Law, Phys. Rev.
Lett. 112, 037001 (2014).
[7] J. J. He, J. S. Wu, T. P. Choy, X. J. Liu, Y. Tanaka, and
K. T. Law, Nat. Commun. 5, 3232 (2014).
[8] D. Rainis, L. Trifunovic, J. Klinovaja, and D. Loss, Phys.
Rev. B 87, 024515 (2013).
[9] T. D. Stanescu, R. M. Lutchyn, and S. Das Sarma, Phys.
Rev. B 87, 094518 (2013).
[10] J. Nilsson, A. R. Akhmerov, and C. W. J. Beenakker,
Phys. Rev. Lett. 101, 120403 (2008).
[11] K. T. Law, P. A. Lee, and T. K. Ng, Phys. Rev. Lett.
103, 237001 (2009).
[12] J. Liu, F.-C. Zhang, and K. T. Law, Phys. Rev. B 88,
064509 (2013).
[13] M. S. Kalenkov and A. D. Zaikin, Phys. Rev. B 75,
172503 (2007).
[14] M. S. Kalenkov and A. D. Zaikin, in Fundamentals of
Superconducting Nanoelectronics, edited by A. Sidorenko
(Springer, Berlin-Heidelberg, 2011).
[15] J. Linder and A. Sudbø, in Nanoscience and Engineer-
ing in Superconductivity, edited by V. Moshchalkov,
R. Wo¨rdenweber, and W. Lang (Springer, Berlin-
Heidelberg, 2010).
[16] J. M. Byers and M. E. Flatte´, Phys. Rev. Lett. 74, 306
(1995).
[17] G. Deutscher and D. Feinberg, Appl. Phys. Lett. 76, 487
(2000).
[18] M. S. Choi, C. Bruder and D. Loss, Phys. Rev. B 62,
13569 (2000).
[19] G. B. Lesovik, T. Martin, and G. Blatter, Eur. Phys. J.
B 24, 287 (2001).
[20] Y. Oreg, G. Refael, and F. von Oppen, Phys. Rev. Lett.
105, 177002 (2010).
[21] E. M. Stoudenmire, J. Alicea, O. A. Starykh, and M. P.
A. Fisher, Phys. Rev. B 84, 014503 (2011).
[22] B. H. Wu and J. C. Cao, Phys. Rev. B 85, 085415 (2012).
[23] See Supplementary Material for detailed formalism for
the calculation of current and noise spectral density, as
well as the characterization of the lowest discrete states.
[24] Z. Y. Zeng, B. Li, and F. Claro, Phys. Rev. B 68, 115319
(2003).
[25] J. C. Chen, S. G. Cheng, S. Q. Sun and Q. F. Sun, J.
Phys.:Condens. Matter 22, 035301 (2010).
[26] H. Haug and A.-P. Jauho, Quantum Kinetics in Trans-
port and Optics of Semiconductors, 2nd ed. (Springer,
Berlin, 2008).
[27] Ya. M. Blanter and M. Bu¨ttiker, Phys. Rep. 336, 1
(2000).
[28] V. Mourik, K. Zuo, S. M. Frolov, S. R. Plissard, E. P. A.
M. Bakkers, and L. P. Kouwenhoven, Science 336, 1003
(2012).
[29] M. T. Deng, C. L. Yu, G. Y. Huang, M. Larsson, P.
Caroff, and H. Q. Xu, Nano Lett. 12, 6414 (2012).
[30] D. Averin and H. T. Imam, Phys. Rev. Lett. 76, 3814
(1996).
[31] J. C. Cuevas, A. Martin-Rodero, and A. L. Yeyati, Phys.
Rev. Lett. 82, 4086 (1999).
[32] D. Sticlet, C. Bena, and P. Simon, Phys. Rev. Lett. 108,
096802 (2012).
[33] A. Das, Y. Ronen, Y. Most, Y. Oreg, M. Heiblum, and
H. Shtrikman, Nat. Phys. 8, 887 (2012).
[34] E. J. H. Lee, X. Jiang, M. Houzet, R. Aguado, C. M.
Lieber, and S. De Franceschi, Nat. Nanotechnol. 9, 79
(2014).
[35] M. Colci, K. Sun, N, Shah, S. Vishvershwara, and D.
J. Van Harlingen, Phys. Rev. B 85, 180512(R) (2012);
K. Sun, N. Shah, and S. Visheshwara, Phys. Rev, B 87,
054509 (2013).
[36] R. S. Keizer, S. T. B. Goennenwein, T. M. Klapwijk, G.
Miao, G. Xiao, and A. Gupta, Nature 439, 825 (2006).
6Supplementary material
In this Supplementary material, we present the formalism for the current and the noise spectral density, as well as
the evolution of the energy of the lowest discrete states.
Formalism
The transport properties such as the differential conductance and current noise can be obtained by the Green’s
function method. The current from the L lead is given by
I =
e
h
∫
dReTr
{
σˆ
[
G<Σa1,1 +G
rΣ<1,1
]}
, (S3)
where σˆ = diag(1,−1, 1,−1) in the spin⊗Nambu space accounts for the different charge carried by electrons and holes.
The retarded (lesser) Green’s function Gr/< can be derived from the analytical continuation of the contour-ordered
Green’s functionG(t, t′) = −i〈Tψ(t)ψ†(t′)〉, where ψj = (cj↑, c†j↓, cj↓, c†j↑)T . The retarded (advanced) self-energy Σr/a
with the relation Σr = (Σa)† has non-zero elements for lattice sites at the ends of the wire due to the tunnel-coupling.
In the wide-band limit, Σr for the outmost sites is given by Σr1,1 = −iΓL/2 and ΣrN,N = −iΓR/2, where the matrix
Γα is given in spin⊗Nambu space as
Γα =

γ11 0 γ12 0
0 γ22 0 γ21
γ21 0 γ22 0
0 γ12 0 γ11
 .
Here, γ11 = Γ
+
α cos
2 θα
2 +Γ
−
α sin
2 θα
2 , γ22 = Γ
+
α sin
2 θα
2 +Γ
−
α cos
2 θα
2 , γ12 = (Γ
+
α e
−iϕα−Γ−α eiϕ) sin θα2 and γ21 = γ∗12. The
lesser self-energy Σ< which characterizes the particle injection from the leads are given by Σ< = [Σa −Σr]F , where
F1,1 = diag(f(− µL), f(+ µL), f(− µL), f(+ µL)) and FN,N = diag(f(− µR), f(+ µR), f(− µR), f(+ µR))
with f the Fermi distribution function.
In this work, we focus on the autocorrelation of the current from the L lead. The zero-frequency noise spectral
density is defined as S = ~
∫
dt′〈δI(t′)δI(0) + δI(0)δI(t′)〉, where δI(t′) = Iˆ(t)− I is the current fluctuation. Iˆ is the
current operator. In terms of the Green’s functions and self-energies, the noise spectral density can be obtained from
S =
e2
h
∫
dTr
{[
σˆΣ<1,1σˆG
> +G<σˆΣ>1,1σˆ
]
(S4)
−σˆ [Σ1,1G]< σˆ [Σ1,1G]> − [GΣ1,1]< σˆ [GΣ1,1]> σˆ
+G>σˆ[Σ1,1GΣ1,1]
<σˆ + σˆ[Σ1,1GΣ1,1]
>σˆG<
}
,
where the Langreth theorem of analytic continuation such as [AB]
≶
= ArB≶ + A≶Ba and [ABC]≶ = ArBrC≶ +
ArB≶Ca +A≶BaCa, have been employed. In the above expressions, the advanced Green’s function Ga = (Gr)† and
the greater Green’s function G> can be found from the relation G> −G< = Gr −Ga.
Discrete States
The discrete-state energies are obtained by a direct diagonalization of the Hamiltonian (Eq. 1) of the wire in the
spin⊗Nambu space. Due to the particle-hole symmetry, the eigen states of the Hamiltonian appear in pairs that have
the same distance to the Fermi surface. We are interested in the lowest discrete states, i.e., the pair of states that
are the closest to the Fermi energy. The nonmonotonic evolution of the discrete-state energy E1 as a function of
the Zeeman field Vz for different wire length L is presented in the Fig. S5. In the calculation, we take the following
parameters: the pair potential ∆ ∼ 140 µeV, the spin-orbit coupling αR = 0.25 eV·A˚ and the effective electron mass
m∗ = 0.015 me, where me is the electron mass. The differential conductance is measured when a normal lead is
attached to one end of the wire, so that the local Andreev reflection is possible. The inset shows the differential
conductance as a function of the applied voltage V for a wire length of L = 1.2 µm and with different Vz. The
conductance peaks are the clear evidence of the resonant local Andreev reflections due to the discrete states.
7FIG. S5: The lowest discrete state energy E1 of the wire as a function of the effective Zeeman field Vz for wire length L = 1.2 µm
(solid line), L = 1.5 µm (dashed line), L = 2.1 µm (dash dot dot line) and L = 4.5 µm (dash dot line). The inset: differential
conductance dI/dV at various Vz. Parameters for the inset: L = 1.2 µm, Γ
±
L = 0.2
~2
m∗a2 where a = 1 nm is the lattice space.
